The Research Domain Criteria (RDoC) paradigm was launched 10 years ago as a superior approach for investigation of mental illness. RDoC conceptualizes normal human behavior, emotion, and cognition as dimensional, with mental illnesses as dimensional extremes. We suggest that RDoC may have value for understanding normal human psychology and some conditions plausibly construed as extremes of normal variation. By contrast, for the most serious of mental illnesses, including dementia, autism, schizophrenia, and bipolar disorder, we argue that RDoC is conceptually flawed. RDoC conflates variation along dimensional axes of normal function with quantitative measurements of disease phenotypes and with the occurrence of diseases in overlapping clusters or spectra. This moves away from the disease model of major mental illness. Further, RDoC imposes a top-down approach to research. We argue that progress in major mental illness research will be more rapid with a bottom-up approach, starting with the discovery of etiological factors, proceeding to investigation of pathogenic pathways, including use of cell and animal models, and leading to a refined nosology and novel, targeted treatments.
Introduction
The Research Domain Criteria (RDoC) [1] paradigm was introduced as a new and superior approach for investigation of psychiatric illness as part of the 2008 National Institute of Mental Health (NIMH) strategic plan [2] [3] [4] . The basic concept is to parse human behavior and brain function into neuropsychological "domains," currently totaling six ("negative valence systems," "positive valence systems," "cognitive systems," "social processes," "arousal and regulatory systems," and "sensorimotor"), and their component "constructs" (e.g., within the negative valence system domain: "acute threat," "potential threat," "sustained threat," "loss," and "frustrative nonreward"). This strategy arose from the argument that an "… important contributing factor to the slow rate of progress [in psychiatric research] is the widespread reliance of research projects on categorical, symptom-based diagnostic systems …" [5] , meaning the Diagnostic and Statistical Manual of Mental Disorders (DSM) and the International Classification of Diseases classification schemes.
RDoC characterizes mental illnesses as extremes along prespecified neuropsychological dimensions. It attempts to describe "the full range of variation, from normal to abnormal, among the fundamental components [dimensions] to improve understanding of what is typical versus pathological" [6, 7] . Further, "… disorders are considered in terms of disruptions of the normal-range operation of these systems," and "often both extremes of a dimension may be considered as 'abnormal' -for example, a complete lack of fear may be associated with aggressive or psychopathic behavior, and the opposite end of diminished reward-seeking may be mania" [7] . The RDoC scheme became a preferred mode for NIMH-sponsored research and at times a criterion for gauging fundability of research projects: "RDoC frees clinical investigators from the current diagnostic categories and encourages basic scientists to identify molecular or neural mechanisms of specific domains of a mental function rather than creating models of diseases" [8] . Now, 10 years after its dissemination, it is timely to reassess the intellectual impact of RDoC on psychiatric research. In brief, we contend that conceptualizing psychiatric disorders as extremes of normal variation has merit for some conditions. However, RDoC is not the optimal approach to major mental illnesses, such as dementia, autism, schizophrenia, and bipolar disorder -conditions best conceptualized using the disease model, the powerful paradigm behind much of contemporary medical research.
In this review, we will describe our view of strengths and weakness of the RDoC scheme, in part by comparison with examples from other areas of biomedical research. We suggest that RDoC is inconsistent with some of the most promising contemporary lines of psychiatric research into major mental illnesses, with an emphasis on recent genetic advances that demonstrate the effectiveness of the bottom-up approach to major mental illnesses. We conclude that RDoC should be abandoned as a guide for directing the course of future NIMH-funded research into major mental illnesses, in favor of more straightforward application of the disease model, so successful in many other fields of medicine.
Strengths and Accomplishments of RDoC
Perhaps the greatest potential strength of RDoC is its focus on systematizing normal human mental function and on guiding attempts to associate underlying psychological constructs of cognition and emotion with specific neural circuitry. As an example, circuitry related to the habenula, and associated behavior such as stress-induced anhedonia, has been described in terms of RDoC domains and constructs [9] . The correlation of neuroimaging findings and genetic variation with the initial responsiveness to reward attainment and approach motivation has been described, in RDoC terms, as aspects of positive valence systems [10] . RDoC has informed studies of social cognition [11] , analyses of reward processing in relation to mood symptoms [12] , conditioned fear learning [13] , and some interpretations of working memory [14] , to name only a few examples. A second potential strength has been to highlight that many psychiatric disorders have substantial phenotypic overlap, though this perspective was already emerging from genetic studies.
RDoC may be useful for those psychiatric disorders that appear to reflect too much or too little of a normal trait, such as personality disorders [15] , certain anxiety disorders, including posttraumatic stress disorder, and perhaps some forms of major depression [16, 17] . For instance, amygdala function associated with fear-related behaviors may help elucidate the pathophysiology of posttraumatic stress disorder [18] , and amygdala-insula connectivity has been associated with emotional dysregulation [19] , including childhood anxiety [20] . The severity of social anxiety has been correlated with hypervigilance in response to facial expression [21] . It is not yet clear to what extent RDoC provides added value; however, more success may be possible as RDoC refines its domains and constructs and develops measurements for its dimensions [16] .
A major strength of the RDoC perspective has been to encourage researchers to include a wider scope of patients in studies, for instance schizophrenia and bipolar disorder or all psychoses together, rather than focusing on individual disorders. However, we believe that this would have happened even in the absence of RDoC, given the many recent genetic studies demonstrating extensive overlap in risk loci.
In our view, the outcome of RDoC-related research to date has been of narrow scope and limited impact [22] . It is notable, for instance, that RDoC has had little or no impact on two of the most successful recent initiatives of the NIMH in relation to major mental illness, the B-SNIP and PsychENCODE consortia [23, 24] .
Before a more general critique, we would like to refute two claims often made about the value of RDoC. First is the claim that RDoC represents an advance over the approach of the DSM because it -but not the DSM -focuses on underlying neurobiology [2, 3] rather than phenomenology. This is not correct. While the DSM has in the past avoided premature classification based on etiological hypotheses (e.g., those of psychoanalysis), the DSM approach, and particularly DSM-5, clearly focuses on neurobiology in those conditions for which a consensus has been reached that a disease model is appropriate or that neurobiological knowledge is sufficiently advanced to contribute to disease classification. For instance, neurocognitive disorders, including Alzheimer's disease, frontotemporal dementia, Huntington's disease (HD), and others, are defined by etiology, pathology, or pathogenesis. Substance abuse and posttraumatic stress disorder definitions are based on specific etiologies and relevant neurobiology. Our purpose here is not to defend the DSM, which certainly is beset by multiple conceptual, methodological, and scientific flaws (e.g., a lack of nosological hierarchy [25, 26] and long-standing struggles to classify personality disorders [27] ), but simply to point out that the claim about its lack of consideration of neurobiology is incorrect.
While RDoC claims to focus on neurobiology and its dimensional manifestations, most RDoC domains and constructs are in fact defined not by neurobiology, but rather by phenomenology and behavior, associated with hypothesized physiology. We have previously suggested [28] that, with this focus, RDoC has formal resemblance to the Galenic humoral theory. Ghaemi previously noted the same resemblance between Galenic reasoning and pre-RDoC psychiatric nosology [25] . All told, it is difficult to make the argument that RDoC offers a conceptual advance over previous nosological strategies.
A second unfounded claim is that RDoC has fostered recent advances in psychiatric neuroscience, or that it has a special claim on approaches to "precision medicine" [2] . RDoC, however, has no monopoly on the use of neurobiological tools to understand cognition, emotion, and behavior, or on individualizing the treatment of disease. Furthermore, the RDoC scheme, as detailed in the NIMH strategic plan [8] and on the RDoC website (www.nimh. nih.gov/research-priorities/rdoc/index.shtml?), focuses on molecules and pathways that regulate normal brain function, rather than those related to disease.
The net effect is that RDoC maintains research focus on previously well-established pathways rather than directing attention to novel neurobiology based on emerging genetic and other risk factors. Specifically, in the current (spring 2019) RDoC matrix, dopamine or serotonin appear 33 times, GABA or glutamate 36 times, and oxytocin or vasopressin 18 times, while there is no mention of the many more recently implicated molecules conferring risk for major mental illness, as described below. We argue that RDoC thus has actually diverted attention away from the new neurobiology that is most relevant to psychiatric disease.
Weaknesses of RDoC: Conceptual Issues
Previous critiques of RDoC have addressed, among other issues, the problematic overall structure of the matrix, the lack of consideration of time course, the lack of consideration of the differential response to psychotropic medicines such as lithium, and the lack of benchmarks to indicate success or failure [29] [30] [31] [32] [33] . Many of these critiques might be addressable, at least in principle, by modifying RDoC. We believe, however, that RDoC is fundamentally flawed. Here we seek to provide a further conceptual view of these issues and to assess the RDoC approach to psychiatric research in contrast to approaches that have led to success in other areas of medicine.
Our underlying conceptual concern with RDoC relates to the nature of severe mental illness. RDoC assumes that all psychiatric disorders result from a deviation along dimensional axes of normal variation -too much or too little of a normal neuropsychological or neurobiological function -and hence that research should emphasize understanding normal variation. By contrast, we begin from the standpoint that syndromic psychiatric illnesses are the result of specific, though complex, pathogenic processes that fundamentally disrupt normal neurobiological function, and hence disrupt normal patterns of cognition, emotion, and behavior. This is simply a restatement of the disease model of major mental illness -psychiatric diseases [25] , like other diseases, have etiologies and pathogenic processes, leading to specific forms of pathology at the level of the cell and tissue, which in turn lead to abnormal pathophysiological states and clinical syndromes [15] . The state of disease is distinctly different from normal pathology and function. While some aspects of etiology, such as polygenetic vulnerability, or of pathology, such as the extent of ventricular enlargement, may have dimensional as-Mol Neuropsychiatry 2019;5:218-235 DOI: 10.1159/000501797 pects, these features of the disease do not negate the concept of disease nor detract from the value of the disease model in guiding clinical care and research. Research into major mental illness should therefore focus less on dimensions of normal behavior and more on discovery of disease etiology and pathogenesis. Given this perspective, we believe there are at least four major conceptual flaws in the RDoC system:
(1) The RDoC Matrix The structure and elements of the RDoC matrix are arbitrary and problematic. The domains appear capricious, jargon-laden, and incomplete. If the goal is to describe normal emotional function, where are universal experiences such as love, hatred, anger, jealousy, and hopefulness? If the goal is to capture clinical problems not well covered in the DSM, where are apathy, irritability, aggression, and anosognosia? If the goal is to supplant existing dimensional schemes, then why is there no systematic set of psychometric instruments measuring the constructs? Further, why are there no rigorous comparisons and cross-validations with the five-factor model or other dimensional systems?
The system is hermetic, with no rigorous path to external validation. There appears to be continued debate on definitions of the constructs [10] and whether they are independent or overlapping or redundant -without an objective route to resolve these debates. Even if the structure were to be changed, it is not clear what criteria would substantiate improvement.
(2) Dimensionality RDoC's reliance on dimensionality moves away from the disease model. We would make the distinction between "quantitative" and "dimensional" analyses. Many phenomena in medicine are indeed quantitative and complex. However, that does not imply that clinical syndromes are simply extremes on dimensions anchored in normality. Some medical examples may be illustrative.
One simple example is respiratory rate. Normal individuals vary in rate and depth of breathing. However, while respiratory diseases, such as pneumonia, may be manifest in part by changes in rate and depth of breathing, the fundamental problem is not changes in pulmonary function along normal axes, but rather that the quantitative changes in pulmonary function reflect the onset of a qualitatively new condition. The goal of research then becomes discovering and correcting the underlying etiology (e.g., pneumococcus) and pathogenesis (e.g., infection and inflammation), rather than better un-derstanding normal variation in the regulation of breathing.
Fever provides another example. We measure body temperature because fever indicates the onset of a qualitative shift from normal -an infectious, inflammatory, or other pathogenic disease process. The research goal is to elucidate this underlying disease process, not to study the range of normal variation of temperature regulation.
A third example is diabetes. Glucose is a quantitative measure, but diabetes, once established, causes dysfunction by many avenues no longer solely related to elevated glucose.
A neuropsychiatric example is intellectual function as measured by IQ. The distribution of IQ in the human population has the characteristic bell-shaped dimensional distribution overall, but at the lower end of the curve there is another small peak ( Fig. 1 ) reflecting syndromal forms of intellectual disability, such as fragile X syndrome, Rett syndrome, Down syndrome, and others. [15] ). Note that we are not claiming that other disorders (such as schizophrenia) have Mendelian origins, but simply that a quantitative trait with a superficially Gaussian "dimensional" distribution can conceal disparate subcategories and etiologies best seen as categorically distinct, and using the disease model. Illustrator: Joan M.K. Tycko.
Recognizing the syndromic nature of these disorders, each distinct from normal human variation and each distinct from each other, and in which intellectual disability is but one feature, was the first step in determining that they are caused by discrete genetic abnormalities, which in turn has guided research into pathogenesis and the detection of potential therapeutic targets.
We are not arguing that psychiatric disorders will turn out to be infectious or Mendelian in etiology, but rather that misinterpreting a quantitative measure as a dimensional axis can falsely lead to viewing phenotypes as simple variations along a dimension, rather than as qualitatively distinct clinical syndromes. In many cases (e.g., respiratory rate or temperature in infection, IQ in fragile X), the quantitative measures may be indirect markers of disease activity, but not fundamental to disease pathogenesis.
These are complex issues, and we do not wish to oversimplify. However, we would argue that it is better for research to start with phenomena present in disease and base quantification on such phenomena, rather than assume that variation of normal phenomena captures the essence of a disease phenotype.
A related issue arises in the nosology of clusters of complex and heterogeneous sets of syndromes. In many cases, based on their underlying etiology and pathobiology, such clusters may be considered a "spectrum" or "continuum" of disease, categorically distinct from normal, but not part of a dimension of normal variation. The key point is that in our view major mental illnesses are best conceptualized as categorically distinct from normal dimensional variation, and most effectively using the disease model.
We would add, however, that even categorically distinct disease entities typically have gradations of severity, just as the symptoms of pneumonia or diabetes may vary from subclinical to mild to severe. In the case of psychiatric disorders with complex etiology, this is manifest as heterogeneity of severity and disability and in subclinical manifestations of illness. Examples include the mild cognitive deficits and other "intermediate phenotypes" observed in relatives of individuals with schizophrenia [34] and the broad autism phenotype observed in family members of probands with strictly defined autism [35] . As in nonpsychiatric disorders, gradations complicate the conceptualization of separate disease categories, and suggest the potential value of investigation of specific dimensional properties underlying categorically defined psychiatric disorders, with the caveat that any one factor is not the disease itself.
A practical consideration arises in the essential actions of a physician caring for a patient -making a diagnosis and choosing a treatment; for instance, the decision about whether a patient with psychosis has bipolar disorder or schizophrenia, and therefore the decision to prescribe, or not to prescribe, lithium. This is inherently a binary decision process. Our categories at present are imperfect and may reflect a spectrum of phenotypes, but the process of diagnosis and treatment of major mental illness seems likely to retain a categorical aspect.
(3) Natural History RDoC does not address the natural history of disease, which typically involves initiating, sustaining, and homeostatic processes that change with time, leading to different phenotypic manifestations of the same disease at different stages in its evolution. In a recent extended defense of RDoC, the "four key issues" discussed included neither natural history nor pathophysiology [36] . The RDoC perspective is fundamentally static. We would add that studies of normal neurodevelopment, for which RDoC does advocate [37], are not the same as investigations of disease course.
Diseases are dynamic, with a natural history in which evolving pathogenic changes lead to changes in clinical presentation. In the pneumonia example, fever and altered respiratory rate may reflect, sequentially, bronchitis, pneumonia, and sepsis. In diabetes, hyperglycemia may lead to neuropathy, stroke, myocardial infarction, and ketoacidosis, each with its own pathogenesis, time course, and therapeutic implications.
Autism, the dementias, schizophrenia, and bipolar disorder have distinct natural histories, which should be an integral part of their definition and need to be incorporated into research initiatives (see Fig. 2 for idealized diagrams of natural histories in the psychosis spectrum). By disregarding natural history, RDoC loses a perspective that has guided all other fields of medicine, and fails to direct psychiatric research toward the pathogenic processes that underlie different stages of major mental illness.
(4) Top-Down versus Bottom-Up Approach to Research
RDoC dictates primarily a top-down approach to research -a methodology that begins by postulating how a system under investigation must function, and then breaking down the postulated function into increasingly smaller units [38] . The RDoC top-down approach to mental illness begins by postulating the existence of es- sential components of normal brain function (domains) that are divided into subsystems (constructs), which in turn are broken down into increasingly granular sub-subsystems (circuits, molecules, and eventually genes) that are hypothesized to underpin the entire set of domains ( Fig. 3 ). There is little connection to human clinical syndromes. By contrast, progress in medicine usually comes from a bottom-up approach, a research methodology that begins with "base elements" that are linked together to form more complex subsystems, leading to a "top-level" system. In medicine, this means beginning with research into the etiological factors of a disease, determining how the combination and interaction of these factors leads to pathogenic pathways and pathology, and discovering how these abnormalities lead to clinical syndromes. The process is iterative and naturally leads to the development of increasingly refined diagnostic categories and to targets for rational treatment. Many disorders in many fields of medicine result from a complex interplay of genomic and environmental risk factors, with both heterogeneity (the same or similar phenotypes deriving from different genetic mechanisms) and pleiotropy (different phenotypes derived from variations at the same genetic locus). Complexity, therefore, is not a rationale for abandoning the medical model of disease reasoning. Cancer provides a classic example of the fruitfulness of a bottom-up approach in a complex disorder (which also has a natural history, typically staged by sequential dysplasia, carcinoma in situ, tumor growth, invasion, and metastasis). Progress in recent decades has emerged from identification of genetic and environmental etiological factors, the discovery of convergent pathogenic pathways, and the development of histological and molecular markers. Continued and iterative revisions of nosology, diagnosis, and prognosis, aided by cell and animal models, are now yielding rational individualized therapeutics [39] .
A comparable situation holds for autoimmune disorders. For instance, a genome-wide association study (GWAS) of ankylosing spondylitis, Crohn's disease, psoriasis, and ulcerative colitis found substantial shared genetic risk among the diseases, yet "… despite the profound pleiotropy, clear demarcations of the genetic risk for the individual conditions exist" [40] .
Diabetes, caused by a highly complex mixture of genetic and environmental factors, serves as another example. As in many disorders with complex genetics, familial risk does not follow a Mendelian pattern, and first-degree relatives may have subclinical phenotypes [41] . Diabetes also demonstrates the concept of a spectrum of disorders, in which multiple related syndromes are subject to quantitative measures, but are categorically distinct from normal [42] . Despite its complexity, application of the bottom-up disease approach, including the use of cell and animal models based on etiological factors [43] , has led to substantial progress, which would have been difficult or impossible with a top-down approach focusing on normal mechanisms of glucose regulation. 
Constructs:
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Genes: Fig. 3 . The top-down approach of RDoC. The RDoC approach to psychiatry begins with arbitrary domains, divided into constructs, which are the representations of one, and often many, circuits based on a few already known molecules. Depicted are one construct each from two different domains. Note the plethora of illdefined "circuits," the paucity of novel molecules, and the decision to exclude genes (as of 2019) for lack of evidence. The relevance to psychiatric diseases, as manifest in patients, is obscure. Another aspect of the top-down approach is the imposition of RDoC upon the scientific community. The NIMH decreed it after relatively little discussion with the community, with no consideration of alternatives, and no mechanism for evaluation as to success or failure. Funding of extramural grants is determined in part by adherence to this conceptual scheme. This prescriptive approach to research is atypical of American biomedicine.
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Movement Disorders
Movement disorders provide a striking example of the inadequacy of dimensional reasoning, the value of considering etiology, pathogenesis, and natural history, and the success of the bottom-up approach. Clinically, involuntary movements are not at extremes of a normal dimension of movements, but rather categorical abnormalities subject to quantitative measurements. For instance, the tremor of Parkinson's disease is quite different from the "physiological" tremor most people have with fatigue, and different again from cerebellar tremor or essential tremor, and all are distinct again from chorea and dystonia.
The recent reclassification of movement disorders with genetic etiologies [44] highlights the value of careful clinical-genetic correlation using a bottom-up approach. The classification scheme recognizes that mutations may have pleiotropic effects and that some mutations are causative while others are risk factors. HD provides an interesting example of quantitative -but not dimensional -reasoning [45] . The CAG repeat within the gene huntingtin varies in length from about 5 to 30 triplets in the normal population; variation in this range has no established clinical relevance. HD arises in individuals with repeat lengths greater than the threshold of 35 CAG triplets, with longer repeats resulting in earlier onset age and more rapid progression, again a quantitative but not a dimensional phenomenon.
Classification of movement disorders with complex genetics is also categorical rather than dimensional. For instance, the pathological classification of parkinsonian syndromes [46] as synucleinopathies or tauopathies, with protein inclusions in glia or neurons, has refined previous clinical diagnoses. Genetic distinctions promise additional improvements.
Dystonia [47] appears not to involve neurodegeneration, and thus may provide a model for investigation of complex psychiatric disorders. Reminiscent of diabetes, it can be described as a "broad clinical spectrum, from childhood-onset generalized dystonias to adult-onset focal PTD [primary torsion dystonia]" [47] . Mutations in single genes, such as DYT1, often with reduced penetrance, can cause early-onset primary dystonia. Late-onset dystonia, e.g., cervical dystonia, often appears sporadically, and like many psychiatric disorders is probably a consequence of complex genetic factors. Neurobiological mechanisms, emerging from exploration of etiology and pathogenesis using model organisms, may involve abnormal neuronal plasticity with an imbalance of excitatory and inhibitory motor circuitry.
Dementias
The bottom-up approach [48] has proven to be a powerful method for deciphering the dementias. We can now distinguish Alzheimer's disease, frontotemporal dementia, Lewy body dementia, vascular dementia, and others based in part on clinical course (including phenomenology), pathology, and, increasingly, etiology. Diagnostic precision has improved in an iterative fashion as both etiology and phenotype are refined. The discovery of genetic mutations has enabled the development of animal and cellular models, which, in turn, have stimulated fruitful hypotheses about pathogenesis and identification of potential therapeutic targets.
Autism
The molecular genetics approach to autism is making rapid progress [24, [49] [50] [51] [52] and will be just briefly discussed here. The discovery of rare de novo mutations of relatively large effect using sequencing and microarray strategies, in combination with GWAS findings of single nucleotide polymorphisms (SNPs) with small contributions to risk, has implicated variations in SCN2A, SHANK1, and NRXN1, ANK2, and CHD8, among many other genes, as etiological factors. Mutations in promotors are often in conserved regions of the distal promoter at known transcription binding sites [53] . Many of the variants also appear to contribute to the risk of intellectual dysfunction in the absence of autism. First-degree relatives of patients with autism often have subclinical features of the autism syndrome. Despite genetic heterogeneity and pleiotropy, common pathogenic mechanisms are emerging, in part through study of animal models, including chromatin remodeling, synaptic dysfunction, wnt signaling, neural-immune function especially involv-DOI: 10.1159/000501797
ing NFkappaB, and activity-dependent transcription or translation [24, [44] [45] [46] [48] [49] [50] .
Schizophrenia and Affective Disorders
The phenotypic and genetic overlap of the psychotic disorders as currently defined, including schizophrenia, schizoaffective disorder, bipolar disorder, and major depression with psychosis, have generated controversy in nosology [54, 55] , suggesting the description "polymorphous polygenicity" [56] . This complexity appears to have been part of the impetus for the development of RDoC. We would argue that the available evidence supports viewing these disorders as a spectrum of disease phenotypes (or perhaps multiple spectra or clusters of related clinical syndromes), best approached using bottomup research strategies that begin with the discovery of etiological factors.
In 2014, a GWAS identified 108 genome-wide-significant loci for schizophrenia [57] . Additional loci continue to emerge with larger sample sizes, methodological advances, and integration of GWAS findings with detailed analyses of transcript expression [24] . These discoveries are illuminating potential pathogenic pathways. For example, the strong GWAS signal on chromosome 6 implicated increased expression of C4a [58] , a critical regulator of synaptic pruning. Pathway analyses of other genes associated with schizophrenia by SNPs or copy number variants suggest a pathogenic role for abnormalities in synaptic transmission (especially glutamate) and plasticity, activity-regulated cytoskeleton function, microRNAs, and FMRP-RNA targets [59, 60] . Coding variants detected in schizophrenia have also been implicated in developmental disorders [61] , consistent with the concept of schizophrenia as a disorder of neurodevelopment [34] .
The PsychENCODE Consortium has added enormous amounts of data and a sophisticated analytic approach to the genetics of schizophrenia and other major mental illnesses, especially at the level of gene expression and alternative splicing. Consortium investigations have provided new or additional evidence for many contributory factors. These include altered function of excitatory neurons (via differential expression of genes such as GRIN1 and NRXN1); the genetic targets of specific transcription factors (e.g., FMRP and RBFOX1); calcium signaling; the complement cascade (via expression variants of C4A, C4B, and CLU); and cell adhesion (via expression variation of Protocadherin) -among other pathways, systems, and cell types [24, 62] .
The polygenic risk score, developed to measure the contribution to schizophrenia risk of many small com-mon variants acting together [63] , has emphasized the genetic complexity of schizophrenia. It has also clarified the role of interactions of environmental factors with genomic variants in increasing the risk of disease. For instance, the polygenic risk score for schizophrenia is greater in individuals with a complicated gestation or with birth trauma. Unexpectedly, this interaction appears to be mediated, at least in part, by a subset of risk genes expressed in the placenta [64] .
GWASs of bipolar disorder are also now yielding replicated loci with genome-wide significance [65] . Polygenic risk scores demonstrate a genetic overlap between schizophrenia and bipolar disorder [65, 66] , providing further evidence for conceptualizing these disorders as related along a spectrum, though some risk loci common to the two disorders may have opposite effects on gene expression or splicing [24, 51] . Variants in several subunits of voltage-gated calcium channels are prominent for both schizophrenia and bipolar disorder, as are variants in other genes coding for proteins involved in neuronal signaling [67] . However, distinctions are also emerging -for instance, the strong GWAS finding on chromosome 6, so prominent in schizophrenia, is not prominent in bipolar disorder, while an association with TRANK1 may be stronger in bipolar disorder. Genes involved in potassium ion response may distinguish between the two disorders, and variants detected in the two disorders may have an opposite effect on some genes (e.g., the transcriptional repressor GATAD2A). Rare variants have been detected in bipolar disorder and implicate a number of genes, consistent with GWAS findings, including ANK3, a gene whose protein product regulates axonal initial segment function, and a number of genes encoding calcium channels [68] .
A high schizophrenia polygenic risk score in individuals with bipolar disorder predicts lack of response to lithium [69] . SNPs associated with genes expressed in excitatory neurons may be more relevant for schizophrenia, while SNPs associated with genes expressed in inhibitory neurons may be more relevant for bipolar disorder [24, 51, 70] . The PsychENCODE Consortium data associate fetally expressed genes more strongly with schizophrenia than with bipolar disorder [50] , while processes including oxidative phosphorylation, ubiquitin-mediated proteolysis, RNA transport, and endocytosis and synaptic vesicle cycle are more strongly associated with bipolar disorder [24] .
A persistent issue in the nosology of psychosis has been the status of syndromes that have features of both bipolar disorder and schizophrenia, often designated Mol Neuropsychiatry 2019;5:218-235 DOI: 10.1159/000501797 "schizoaffective disorder." Recent data indicate that the schizophrenia polygenic risk score is correlated with the presence and severity of mood-incongruent psychotic symptoms in affective and schizoaffective disorders [71] . This is consistent with the view that the psychotic disorders form a "spectrum" of related diseases, with neurobiology and clinical phenotypes categorically distinct from normal human biology and function, not easily understood using the RDoC scheme of "dimensional" variations along an axis anchored in normal functions (Fig. 4) .
Progress is emerging in major depression, a very difficult problem due to clinical heterogeneity. A recent GWAS involving more than 480,000 subjects identified variation at 44 loci as significant risk factors with evidence of partially shared, causal biological pathways with schizophrenia [72] . Indeed, the genetic overlap extends to other psychiatric disorders and to some personality traits [73] .
Ironically, the era of remarkable progress in the discovery of the genetic basis of mental illness began about Disjunction between phenomenology of psychosis and "dimensions" of RDoC. The "spectrum" of psychosis is shown using current terminology, recognizing that both the terminology and the relationship among the various disorders will inevitably evolve in the future. Certain phenomena of this spectrum of diseases, such as delusions, hallucinations, and thought disorder, appear qualitatively distinct from normal phenomenology. Other characteristic phenomena (e.g., mood and cognition) can be measured quantitatively, and may resemble extremes of normal phenomenology. However, we argue that despite this phenomenological resemblance to extremes of normal variation, these quantitatively measurable phenomena do not necessarily correspond to the domains and constructs of the RDoC scheme (illustrated schematically as axes to show the six current RDoC domains and their dimension-al nature). In our view, the phenomena of major mental illnesses represent a shift off dimensional axes of normal variation, the consequence of a breakdown in normal brain function caused by complex etiological and pathophysiological processes, and are best understood using the disease model. The main point is that even though a clinical phenomenon is quantifiable, it does not follow that such a phenomenon can best be understood as an extreme of dimensional variation along a normal axis. This line of argument also leads to the conclusion that, for disease research and clinical practice, it is better to focus attention on the quantitative phenomena observed in patients, rather than to make the a priori assumption that variations in quantitative phenomena observed in the normal population will be of direct relevance. Illustrator: Joan M.K. Tycko. DOI: 10.1159/000501797 10 years ago, following years of frustration, just about the same time that the NIMH was calling for the creation of RDoC. The frustration then was perhaps understandable -new pharmacological treatments had not emerged despite decades of progress in neuroscience and efforts such as the Decade of the Brain. Perhaps a comparison might be made to the state of oncology in the 1950s -surgical, radiation, and chemical treatments that were nonspecific, dangerous, and based on simple schemes of disease classification. Subsequent advances in the understanding of cancer etiology, pathogenesis, and pathology, including the mechanisms behind oncogenesis and metastasis, have led to remarkable improvements in classification schemes, diagnosis, and treatment. Though a few decades behind these efforts, we take the optimistic stand that advances in psychiatry can follow a comparable trajectory. Together, the rapid genetic advances in schizophrenia, the affective disorders, and other major mental illnesses over the past few years provide powerful support for a bottom-up approach to the study of the etiology and pathogenesis of these conditions, based on the discovery of the roles of specific genes and pathways in disease pathogenesis, some common to multiple diseases, others more specific.
Alternatives to RDoC for Future Research in Psychiatry
We believe that the alternative to the RDoC scheme for investigation of major mental illness is a straightforward application of the disease model, with a bottom-up focus on etiology and pathogenesis. Psychiatric etiologies, both genetic and environmental, are heterogeneous and pleiotropic. Family members of patients with major mental illnesses often share subclinical versions of some of the same phenotypes, presumably because of shared risk alleles [54] , sometimes blurring the distinction between disease state and normal variation. However, even when describing subsyndromal psychiatric phenotypes, we believe that it is better to start from the disease phenotypes, guided by genotype-phenotype correlations in patients with the diseases, rather than attempting to use normal variation as a starting point. It is important not to mistake quantitative differences in measures of disease severity and genetic risk, or differences along a disease spectrum, with variations along a dimension of normal. We would anticipate an iterative process of redefining and refining clinical syndromes based on a progressive understanding of etiology and pathogenesis, exactly the process that has led to progress in many other areas of medicine.
We are still at an early stage of genetic research. For many GWAS loci, the actual allele conferring risk, and often even the relevant gene, remains uncertain, and the effect of the variant on gene expression is often unknown. For many loci, variation is likely to have complex pleiotropic effects. This is particularly relevant for loci associated with both schizophrenia and bipolar disorder. Abundant examples exist in other diseases, including disorders affecting brain function, in which different variations in the same gene lead to different clinical phenotypes. For instance, point mutations in SCN2A affect the structure of membrane-spanning domains in the encoded sodium channel protein (NaV1.2), potentially increasing channel function resulting in epilepsy. On the other hand, SCN2A mutations, such as those causing protein truncation, that lead to a loss of protein function may cause cognitive dysfunction [74] .
Full understanding of genetic variants and their relationship with environmental insults will require detailed insight into the regulation of gene expression (e.g., repressors, enhancers, splice variants, epigenetics, three-dimensional chromosomal organization) and into developmental shifts in gene expression and splicing. Rare mutations with major impact on disease risk, and heritable copy number variations, may provide insight into the effect of common variations.
We would emphasize the importance, and feasibility, of using complex genetic information to construct testable and potentially clinically useful hypotheses. The potential use of genetic information to predict lithium response is one example. A more complex hypothesis might arise from distinctions between bipolar disorder and schizophrenia found in genetic association and gene expression studies. One possible broad hypothesis might be that genetic disturbances (splicing or expression changes) manifest earlier in development, especially at excitatory synapses, and might preferentially increase the risk for schizophrenia. By contrast, genetic disturbances in the same genes, but manifesting later in development, especially at inhibitory synapses, might have more of an effect on the risk for bipolar disorder (Fig. 5 ) [24, 51, 62, 70, 75] . Hypothesis building based on complex genetic data should take into account known aspects of neurobiology, such as developmental trajectories and cell subtype specificity; in this case, the key neurobiological insight is the relatively later development of inhibitory compared to excitatory neurons. We are well aware that these hypotheses involve oversimplifications Relationship between genetic and environmental risk factors and clinical phenotypes. Genetic and environmental factors, acting in part on the differential expression of genes, disrupt the normal developmental processes, leading to abnormal brain structure and function. The y axis indicates the extent to which a developmental process has reached completion. The x axis indicates age, reflecting developmental status. A solid gray line indicates normal brain development (neurogenesis and migration, excitatory synapses, and inhibitory synapses). A dashed line below the solid gray line, with red shading between the lines, indicates a disruption of the process -a shift to an abnormal brain state (depiction modified from Insel [93] ). Normal development involves multiple neurobiological processes; here we show just three as a simplification to highlight that different processes mature at different times. Phenotypic differences arise because of individual differences in exposure to genetic and environmental risk factors, in the timing of exposure to environmental risk factors, and in the interactions among genetic and environmental risk factors. We emphasize here that risk factor-induced changes in gene expression, including different isoforms of the same gene, may lead to changes in synaptic structure and function, though many other pathogenic mechanisms are also likely involved. We hypothesize (no doubt as an oversimplification) that risk alleles and environmental risk factors acting during earlier stages of development (such as placental stress occurring in an individual with a genetic vulnerability to such stress) tend to predispose to schizophrenia. By contrast, in general, alleles and environmental factors altering gene expression later in development predispose more to bipolar disorder. The earlier influences may preferentially affect excitatory synapses (which generally mature earlier), while the later influences may preferentially affect inhibitory synapses (which generally mature later). The bottom panel highlights how different alleles of the same gene can have effects at different time points in development via differing promotor usage or splice isoforms. Many other mechanisms (not shown), such as epigenetic changes or posttranslational regulation via microRNAs, could give similar results. We are well aware that these hypotheses involve oversimplifications and may turn out to be incorrect, but we believe that it is useful to develop and test concepts that attempt to correlate genetic, pathophysiological, and clinical information. Illustrator: Joan M.K. Tycko. DOI: 10.1159/000501797 and may turn out to be incorrect, but we believe that it is useful to develop and test concepts that attempt to correlate genetic, pathophysiological, and clinical information.
While psychiatric research must embrace the complications (and "big data" methods) of multiplex etiology, it can also seek simplification by determining the key points of convergence in the pathogenic processes that lead to disease. The neural network model described by the PsychENCODE group [24] provides a conceptual framework for considering multiple levels of the disease process, from genetic variant to gene expression to clinical phenotype. We would argue that the most relevant level for discovery of therapeutic targets will not be at the level ( of genes and gene expression, nor at the level of circuits, but rather at the intermediate level of intracellular pathways and cell-cell interactions (Fig. 6 ), corresponding to the "hidden" L2 layer described by Wang et al. [24] . This is also the most difficult level to approach with current methods. Progress will require intensive in vitro study of cell models derived from patients and in vivo study of genetically manipulated animals. Cell models of both bipolar disorder and schizophrenia [62] have already provided suggestive initial data pointing to pathogenic processes, such as aberrant migration and increased oxidative stress in schizophrenia [76] , and differential signaling responses in cells from lithiumresponsive versus -nonresponsive bipolar subjects [77] . Mouse models using genetic variations associated with schizophrenia and bipolar disorder have also provided intriguing insights [78, 79] . Of course, the concept of "animal models" -especially mouse models -relevant to human disorders of cognition and emotion is fraught with difficulties. Nonhuman primates [80] , such as recently developed marmoset models [81] , may facilitate more refined genotype-phenotype interpretations [82] . Overall, despite recognition of limitations, there is growing consensus that animal models will prove critical in advancing knowledge of psychiatric disorders [83] .
Work at the level of neuropathology and cellular protein may provide unexpected insights. In particular, increased levels of abnormal insoluble proteins have been detected in a subset of postmortem brains from schizophrenia patients [84] . A separate investigation reported increased protein ubiquitination in homogenates of brain tissue and red blood cells from patients with schizo-phrenia, suggestive of abnormal protein processing [85] . These results might be correlated with the study of Ursini et al. [64] mentioned above, which found that a subset of genes related to cell stress were enriched as risk factors in cases with "early-life complications" such as birth trauma. It might be hypothesized that patients without abnormal proteins have genetic liabilities more related to synapses and neuronal signaling, while cases with abnormal proteins have genetic liabilities more related to oxidative or other cell stress and altered proteostasis. A subset of patients marked by abnormal proteins may even have a phenotype reminiscent of Kraepelin's "dementia praecox." These protein-based approaches may provide a novel means to subdivide and characterize schizophrenia and related disorders, to identify central and potentially peripheral biomarkers, and to suggest new therapeutic targets. The RDoC scheme has little room to incorporate such novel and unexpected discoveries.
Even after pathogenic pathways have been validated, it is a long process to reach the point of exploiting therapeutic targets; it has taken 25 years from the discovery of the HD gene for rational disease-modifying therapy (e.g., oligonucleotides to suppress Huntingtin protein expression) to reach human clinical trials [86] . Nonetheless, in autism and schizophrenia, genetic and pathogenic approaches are beginning to set the stage for rational therapeutics [87, 88] , demonstrating the potential for the bottom-up approach even in complex psychiatric disorders.
Current guidance from the NIMH emphasizes study of genes emerging from GWAS, but -in our view counterproductively -discourages the generation of "models of diseases" [8] . We believe that the directive toward Fig. 6 . Hypothetical bottom-up scheme for conceptualizing the causal chain from genetic etiologies to clinical phenotypes. We hypothesize that the large number of genetic risk factors (also environmental factors, not shown) for major mental illness converge on a smaller number of molecular pathways, which in turn will selectively alter brain circuitry, leading to clinical phenotypes. This scheme stands in contrast to the top-down approach of RDoC in its emphasis on the etiology and pathogenesis of disease, rather than on normal biology. Furthermore, this depiction of the bottom-up approach corrects an imbalance in RDoC, which overemphasizes circuit-level analysis and underemphasizes analysis at the molecular and cellular levels. We include a representation of the hypotheses noted in the text that genetic risk variants affecting isoforms expressed earlier in development and in excitatory neurons might predispose more to schizophrenia-like phenotypes, while variants affecting isoforms expressed later in development and in inhibitory neurons may predispose more to bipolar disorder. A representation of genes predisposing to an abnormal response to placental stress, which we hypothesize are more relevant for schizophrenia-like syndromes than for bipolar-like syndromes, is provided as an example of gene-environment interaction. While these are no doubt oversimplifications (and particularly the circuit changes are not yet well defined, so are shown as hypothetical synaptic alterations), they may illustrate the possibility that general principles illuminating nosology may emerge even from very complex GWAS, transcriptome, and other datasets. We represent the clinical phenotypes as a "spectrum," with the expectation that the clinical syndromes may well be redefined and subcategorized based on increasing understanding of etiology and pathophysiology. In general, etiologies and pathogeneses more relevant to schizophrenia-like syndromes are shown on the left side of the figure, while etiologies and pathogeneses more relevant to bipolarlike syndromes are shown on the right side. While no doubt oversimplifications, these and other hypotheses can be tested and validated or rejected, a critical strength of the bottom-up approach. Illustrator: Joan M.K. Tycko. DOI: 10.1159/000501797 "pure" neurobiology, and the emphasis on normal behavior and normal neurobiology in the RDoC scheme, diverts attention from more direct and efficient studies of disease etiology and pathophysiology. We acknowledge that modeling disease phenotypes, and especially those disorders with polygenic etiology, is challenging. Nonetheless, even when models are limited to single components, careful exploration of the correlation between genotypes and phenotypes imposes direction and criteria for the success or failure of a program of investigation. (We agree that the phrase "animal model useful in the study of condition X" is more accurate than the phrase "animal model of condition X" as suggested in the ACNP 2018 animal research symposium [89] , but use the latter phrase as shorthand -in any case, one must be aware of all the many caveats about animal models.) Furthermore, disease-relevant models are essential for testing candidate novel therapeutics (and conversely the action of known therapeutics can help validate candidate animal models).
Longitudinal efforts to define more closely the clinical courses of the major mental illnesses will be essential for the development and validation of models, and for testing the efficacy of therapeutic interventions that emerge from clinical models. The longitudinal studies that defined the clinical course of HD [90, 91] provide a precedent for the value of such efforts in developing strategies for clinical trials. It is remarkable that despite the scope and complexity of the major mental illnesses, there are relatively few long-term longitudinal studies of clinical course [92] .
We conclude that RDoC may offer a few advantages for research into psychiatric disorders that are inherently dimensional. To be successful for these disorders, RDoC will need reformulation to include reliable measurements and a path to validation, with criteria for success or failure. However, for the major mental illnesses, RDoC deflects research away from studying disease etiology and pathogenesis, the path so valuable for much of medicine, just when this approach is yielding remarkable advances. As noted above, we believe the salutary change to research on broader sets of patients with different diagnoses would have happened in the absence of RDoC as a natural consequence of recent genetics research. We therefore propose the abandonment of the RDoC system as a method for directing the course of future NIMHfunded research.
As a guide to research in major mental illness, we favor approaches focused on the disease model, beginning with etiology, including genetics and environment, and proceeding to pathogenesis, including cell and animal models, human imaging and other biomarker studies, and ad-ditional studies of postmortem brains. Further development and study of cell and animal models relevant to disease will be necessary for experimental therapeutics. Basic and translational science can inform iterative refinement of nosology, and lead to clinical trials of rational therapeutics.
